Solid-state 13C nuclear magnetic resonance (NMR) spectra of the following intact plant tissues were recorded by the crosspolarization magic-angle spinning technique: celery (Apium graveolens L.) collenchyma; carob bean (Ceratonia siliqua L.), fenugreek (Trigonella foenum-graecum L.), and nasturtium (Tropaeolum majus L.) endosperm; and lupin (Lupinus polyphyllus Lindl.) seed cotyledons. All these tissues had thickened cell walls which allowed them to withstand the centrifugal forces of magic angle spinning and which, except in the case of lupin seeds, dominated the NMR spectra. The celery collenchyma cell walls gave spectra typical of dicot primary cell walls. The carob bean and fenugreek seed spectra were dominated by resonances from galactomannans, which showed little sign of crystalline order. Resonances from 0(1,4')-D galactan were visible in the lupin seed spectrum, but there was much interference from protein. The nasturtium seed spectrum was largely derived from a xyloglucan, in which the conformation of the glucan core chain appeared to be intermediate between the solution form and solid forms of cellulose.
The structure of plant cell walls is normally elucidated by selectively extracting their polymeric components prior to chemical characterization in solution. Since some covalent and most noncovalent bonds are broken on solubilization, much information is lost before the characterization can begin. Solid-state NMR techniques using CP-MAS' and highpower proton decoupling promise an answer to this dilemma (20) . The resolution obtainable has been modest but should improve with further instrumental developments. A crucial advantage of solid-state NMR is that the mobility of individual cell wall components can be assessed from the NMR relaxation times, which in principle could let the question of the structural changes responsible for extension growth be addressed.
There is no theoretical reason why CP-MAS NMR should not be applied for this purpose to any growing plant tissue, but there is a serious practical problem. The sample is spun in a rotor at high speed, >1 kHz. Normal living plant tissues disintegrate at the centrifugal forces involved and the intracellular fluid is crushed out of them. Until now, cell wall spectra have been obtained only from isolated cell walls (5, ' Abbreviation: CP-MAS, cross-polarization, magic-angle spinning. 12) or from intact but dead and dried plant materials (2) (3) (4) 12) . With the latter there can be a problem in distinguishing cell wall polymers from intracellular protein and carbohydrate, especially starch, unless specific components are 1C-enriched (1 1). Wood and straw, which have been most studied, have a high enough cell wall content to avoid this difficulty (lO, 12,21) .
The only living plant materials from which CP-MAS '3C spectra have been obtained so far are seeds, which were hard and dry enough to withstand spinning without damage (14) . Their spectra were derived mainly from protein and starch. An alternative approach is to choose specialized structural plant tissues with thickened cell walls, which are robust enough not to collapse in the NMR rotor and will give spectra dominated by contributions from the cell wall. Both of these approaches were adopted in the experiments reported here, where spectra were recorded from excised, living seed tissues of certain species in which the secondary cell walls are grossly thickened by the deposition of specific polysaccharides as energy reserves (18) , and also from celery (Apium graveolens L.) collenchyma tissue whose dry matter and transverse area are largely composed of cell wall. Collenchyma cell walls are more typical of growing plant tissues and are capable of controlled extension in response to auxin (16) .
MATERIALS AND METHODS

Plant Material
Collenchyma strands were excised from mature, turgid celery (Apium graveolens L.) petioles as described previously (7) and stored in a shallow dish of water until enough had been accumulated (<1 h). They were then packed quickly into the rotor or allowed to lose a controlled amount of moisture by evaporation while the weight was continuously recorded on a top-pan balance. Moisture contents were determined by drying for 18 h at 100°C. The protein content (N X 6.25) was 5.7%, little more than would be expected for a cell wall preparation, illustrating that this tissue consists largely of cell walls. The following excised seed tissues were examined: lupin (Lupinus polyphyllus Lindl. var Monarch Russell) cotyledons, broken into small fragments; fenugreek (Trigonella foenum-graecum L.) endosperm plus aleurone layer, used whole; carob bean (Ceratonia siliqua L.) endosperm, used whole; and nasturtium (Tropaeolum majus var Double Gleam Hybrid) cotyledons, used whole. When the carob and nasturtium endosperms were packed into the rotor there were large 61 voids between them, which were filled with talc. Talc alone gave no discernible signal in the spectral range 0 to 200 ppm.
NMR Spectroscopy
CP-MAS NMR spectra were recorded at ambient temperature on a Varian VXR-300 spectrometer operating at 75.43 MHz for 13C, as described previously (5) . Contact time was 1 ms with pulse width 900, acquisition time 19.2 ms for collenchyma and normally 14.4 ms for seeds. Relaxation delay was normally 1 s. Low spin rates were generally used to prevent damage to the tissue, and with some of the seeds it was difficult to balance the rotor adequately for fast spinning. The spin rate varied between 1.4 and 4.3 kHz, but at least one spectrum was recorded from each material at >2 kHz. At low spin rates there is a possibility of interference from spinning side-bands, so each sample was run at a minimum of two spin rates to check that no spinning side-bands coincided with resonances in the spectrum. In the case of nasturtium endosperm, both sharp and broad signals were present in the spectrum, so a longer acquisition time of 40 ms was used in a separate experiment in case the signal giving the sharp lines was being truncated. With carob endosperm the recycle delay was varied (10 s as well as 1 s) to check that no sharp signals were being missed. Chemical shifts are expressed with respect These assignments were derved from published solid-state spectra of cellulose I and amorphous cellulose (1, 22) , solution-state spectra of polysaccharides (8, 9, 13, 19) , and solid-state spectra of fractionated Vigna primary cell walls (MC Jarvis, unpublished results).
Chemical Shift
Origin Carbon Atom ppm 175. 3 Galacturonan, non-esterified C-6 174.0 Acetyl carboxyl 171. 7 Galacturonan, esterified C-6 105. Cellulose I C-6 64. 7 3-glucosyl and 0-galactosyl C-6 61. 6 Amorphous cellulose C-6 53. Figure 1 , which has been subjected to digital resoluSpectra of the polysaccharide-rich storage tissues of fenution enhancement. Resonance assignments (Table I) signals were present. Fenugreek and carob seeds contain galIn the initial experiments, spectra were recorded at varying actomannans, nasturtium seeds contain xyloglucans, and luspin rates in the 2 to 3 kHz region. Spinning side-bands pin seeds contain pectic polymers rich in f3-(1,4')-D-galactan ( 18 greek endosperm is considered to be a nonliving tissue whose reserves are mobilized by enzymes from the aleurone layer on germination [18] ). The dehydration required to obtain spectra from the celery collenchyma was considerable but probably not enough to kill the cells immediately, and this tissue, too, escaped mechanical damage at the spin rates used. Studies on Vigna and Phoenix cell wall polymers (6, MC Jarvis, unpublished data) showed that the solid-state resonances were generally at similar chemical shifts to those observed in solution, except for the carbon atoms involved in glycosidic bonds (and sometimes C-6) in crystalline forms of polysaccharides like cellulose I and mannan I, and perhaps to some degree in galacturonans and the cellulose-like main chain of xyloglucans. The resonance assignments reported here (Tables I and II) are based on solid-state data where possible, and published solution-state data otherwise: the small number of discrepancies from the solution-state chemical shifts were obvious and did not cause ambiguity.
The typically primary structure of the collenchyma cell walls, despite their thickness, was evident from the similarity of their spectrum to those of isolated Vigna and Brassica primary walls (MC Jarvis, unpublished results). A noteworthy feature was the high ratio of amorphous (possible crystallitesurface) cellulose (C-4 81-84.3 ppm; C-6 61.6 ppm) to cellulose I (C-4 88.5/86.8 ppm; C-6 61.6 ppm), compared with cotton, wood, and other secondary cell wall materials (1, 10, 21, 22) . With the resolution obtainable there would be no difficulty in measuring relaxation times of individual carbon atoms as a guide to the mobility of the major cell wall polysaccharides in collenchyma.
The unusual composition of the secondary cell walls in the seed tissues allowed attention to be focused on the chain conformation and packing of individual polysaccharides. The spectrum from carob endosperm was derived almost entirely from the galactomannan and was very similar to its solutionstate spectrum (13) (8) . However, the C-4 resonance of its (3(1,4')-D-glucan main chain was displaced slightly upfield from the shift observed for xyloglucan in solution or for soluble cellulose oligomers (1) : much less than in any crystalline form of cellulose, but enough to suggest a similar trend in solid-state chain conformation. So far as it could be disentangled from the protein resonances, the spectrum of the lupin seed ,((1 ,4')-D-galactan was similar to that found in solution (17) .
These spectra illustrate the potential of solid-state NMR for examination of cell wall polysaccharides in vivo, particularly These assignments were derived from published solution-state spectra of galactomannans, xyloglucan, and corresponding oligomers (8, 13) and solid-state spectra of Phoenix mannans (6) 
ACKNOWLEDGMENTS
The spectra were obtained at the SERC Solid-state NMR Facility at Durham University, England. SERC is thanked for financial support, and Dr. Mary Edwards of Stirling University for the gift of carob seeds.
LITERATURE CITED
